Maize (Zea mays ssp. mays) is genetically diverse, yet it is also morphologically distinct from its wild relatives. These two observations are somewhat contradictory: the first observation is consistent with a large historical population size for maize, but the latter observation is consistent with strong, diversity-limiting selection during maize domestication. In this study, we sampled sequence diversity, coupled with simulations of the coalescent process, to study the dynamics of a population bottleneck during the domestication of maize. To do this, we determined the DNA sequence of a 1,400-bp region of the Adh1 locus from 19 individuals representing maize, its presumed progenitor (Z. mays ssp. parviglumis), and a more distant relative (Zea luxurians). The sequence data were used to guide coalescent simulations of population bottlenecks associated with domestication. Our study confirms high genetic diversity in maize-maize contains 75% of the variation found in its progenitor and is more diverse than its wild relative, Z. luxurians-but it also suggests that sequence diversity in maize can be explained by a bottleneck of short duration and very small size. For example, the breadth of genetic diversity in maize is consistent with a founding population of only 20 individuals when the domestication event is 10 generations in length.
The process of crop domestication is a mystery, but this much is known: most crops contain less genetic variation than their wild ancestors. This reduction in genetic variation is probably a product of a small initial crop population, coupled with intense selection for agronomic traits (1) . In short, the initial steps of most domestication events probably included a population bottleneck (hereafter called a ''domestication bottleneck''). The effects of these bottlenecks are important, both because they limited genetic variation in crops and because the dearth of genetic variation in modern crop varieties is a growing concern (1). To counter this concern, there have been increased efforts to incorporate exotic germplasm into crop breeding programs (2, 3) . These breeding efforts will be aided by a better understanding of both the domestication process and the dynamics of domestication bottlenecks.
In this study, we explore the domestication bottleneck of maize (Zea mays ssp. mays). The domestication of maize is intriguing for two reasons. First, maize is morphologically distinct from its wild relatives. The wild progenitor of maize was identified unambiguously as an annual member of the genus Zea only through the application of molecular markers (4, 5) . Second, maize is genetically diverse. For example, maize appears to contain greater isozyme diversity than many wild plants (4) , and other genetic measures, including chromosomal knobs (6) , chloroplast restriction fragment length polymorphism data (5), nuclear internal transcribed spacer sequences (7) , and nuclear single-copy sequences (8) (9) (10) , also indicate that maize is genetically diverse. These two features of maize are somewhat contradictory. On the one hand, high genetic diversity in maize implies that it has had a historically large population size. On the other hand, the high degree of morphological divergence between maize and its wild ancestors suggests that maize underwent selection for morphological traits. In other words, the morphological divergence between maize and its wild ancestors suggests that maize experienced a domestication bottleneck.
Investigation of a domestication bottleneck in maize requires some knowledge of genetic diversity in its wild relatives. Here we focus on two wild relatives in the genus Zea: Z. mays ssp. parviglumis (hereafter also called ''parviglumis'') and Z. luxurians. Parviglumis is thought to be the progenitor of maize (4) ; current hypotheses propose that maize was domesticated from parviglumis somewhere in southern or central Mexico Ϸ7,500 years ago (11) . Z. luxurians is a wild annual that is a distant relative within the genus (12) . We focus on Z. luxurians to gain better insight into the genetic history of the genus as a whole.
Because most crops were domesticated around 10,000 years ago, the study of domestication bottlenecks requires an approach that is capable of making inferences about past events. Coalescent theory (13) provides a population genetic framework for inferring past events, because it utilizes the historical information accrued in DNA sequences. A great deal of effort has been expended in using DNA sequences and the coalescent framework to detect and quantify past selection events (14) (15) (16) . Similar approaches can also be used to investigate population bottlenecks (17) (18) (19) .
The purpose of this study is to further explore genetic diversity in maize and its wild relatives, with the goal of better understanding the genetic consequences of domestication bottlenecks. To address these issues, we have sampled DNA sequences from the Adh1 locus of 19 individuals representing maize, parviglumis, and Z. luxurians. The Adh1 sequences have been used to: (i) compare genetic diversity in the three Zea taxa, (ii) assess genetic relationships among the taxa, and (iii) guide coalescent investigations of a bottleneck associated with maize domestication, with the explicit goal of exploring potential founding population sizes of maize.
four maize individuals, seven Z. luxurians individuals, eight parviglumis individuals, and one Tripsacum dactyloides individual (Table 1 ). The Adh1 gene was amplified with Taq polymerase by using primers specific to the 4th and 10th exons of the gene (8) . PCR consisted of 30 cycles of 1Ј 94C, 1Ј 55C, and 2Ј 72 C. Amplified products were cloned into pGEM-T and sequenced with T7 polymerase on a Pharmacia ALFexpress automated sequencer. These 19 sequences were aligned with 5 previously published maize Adh1 sequences (Table 1) .
Many of the 19 new Adh1 sequences contained ''singletons,'' a single base-pair change relative to the remainder of the sequences. Singletons can either represent true sequence variation or Taq polymerase artifact. (In contrast, polymorphisms shared among more than one sequence have a negligible probability of being produced by Taq polymerase error.) We investigated the verity of singletons by reamplifying and resequencing the appropriate Adh1 allele from all 19 Zea individuals. Half (13 of 26) of the original singletons were the result of Taq polymerase error. We corrected these Taq artifacts and estimated that Taq error occurred at a frequency of roughly 1 in 1,500 bp. We were unable to verify four silent singletons from three previously published maize sequences (8) . We included these unverified singletons in analyses, but our results do not vary qualitatively when they are excluded.
Data Analysis. We used the measure ϭ S͞a nϪ1 to summarize genetic diversity, where S is the number of segregating sites, a nϪ1 ϭ ⌺ iϭ1 nϪ1 1͞i, and n is the number of sampled sequences. Under neutral equilibrium evolution, is an unbiased estimator of the population parameter ϭ 4N, where N is the population size and is the mutation rate (13, 20) . We considered only silent sites in our tabulation of S; silent sites were defined as third-position and intron sites.
Phylogenetic reconstruction was based on the neighborjoining method (21) with Kimura two-parameter distances (22) , and we assessed confidence by using 1,000 bootstrap replicates. The minimum number of recombination events in a sample of sequences was estimated by the method of Hudson and Kaplan (23) , as implemented in SITES (24) .
We tested for departures from neutrality by using the tests of Sawyer et al. (25) , MacDonald and Kreitman (15) , and Tajima (26) . The test of Sawyer et al. compares the frequency distributions at different types of polymorphic sites. We compared the frequency distributions of nonsynonymous, synonymous, and intron polymorphism with each other by using Kruskal-Wallace and Mann-Whitney tests (27) . We treated parviglumis and maize as a single population for these tests, because the test is likely to be most powerful when there are many alleles. We applied the McDonald-Kreitman test to nonsynonymous, synonymous, and intron site variation by using a single Adh1 sequence from T. dactyloides as an outgroup. Tajima's test was applied to total variation and silent site variation.
Coalescent Simulations. We used computer simulations of the coalescent process to investigate population sizes during a bottleneck associated with domestication (13, 28) . The simulations were based on two different models, which are represented in Fig. 1 . In both models it was assumed that there was a reduction in population size associated with the initial domestication of maize and that the population size increased after maize was widely cultivated and distributed.
The first model represents a single population that has undergone two instantaneous changes in population size, corresponding to the beginning and the end of a domestication bottleneck. For this model, d represents the duration in generations of the bottleneck, and A , B , and P represent for the ancestral population, the population during the domestication bottleneck, and the present population, respectively. For given values of A , P , and d, we varied B so that either: (i) the mean S from 10,000 simulations was within Ϯ0.20 of S maize or (ii) 97.5% (Ϯ0.2%) of 10,000 simulations The second model represents two populations, one of which has experienced a domestication bottleneck (Fig. 1 ). This model contains five parameters of interest: d, the duration of the bottleneck; t, the time the two populations diverged; A , the population parameter of both the ancestral population and the nonbottlenecked population; B , the population parameter during the bottleneck; and P , the current of the population that experienced a bottleneck. This model assumes that divergence between populations was rapid, with no gene flow following population divergence. The expected value and lower 95% confidence interval of B was estimated as in model I except that the number of polymorphisms shared between populations (R), rather than the number of segregating sites S, was compared between observed and simulated data. In short, the two coalescent models employ different summary statistics from DNA sequence data to make inferences about B .
For both models, Tajima's D (26) was used as a measure of ''goodness-of-fit'' between the coalescent model and the observed data. In all simulations, D from observed data was compared with the distribution of D based on simulated data. If the observed D did not fall within the central 95% of the distribution of D, we concluded that the observed data did not fit the coalescent model, given the parameter values used for simulation. All simulations were based on 997 silent sites and sample sizes of 9 for the bottlenecked population (representing maize) and 8 for the nonbottlenecked population (representing the ancestor parviglumis).
RESULTS
Summary of Adh1 Sequence Variation. Table 2 contains a summary of sequence variation found in the three Zea taxa. As measured by , Z. mays ssp. parviglumis is the most diverse of the three taxa at the Adh1 locus (Table 2) . Furthermore, parviglumis sequences are distributed widely on the genealogy (Fig. 2) . One subset of parviglumis sequences forms a monophyletic clade that is an outgroup to the remainder of the Zea Adh1 sequences. This group contains sequences 1b, 4, 5, and 7, and two of these sequences are identical (sequences 4 and 7). The remaining parviglumis sequences (haplotypes 1a, 2, 3, and 6) do not form a distinct clade. It should be noted that there is no clear relationship between genealogical relationships (as inferred from Fig. 2 ) and geographic origin. For example, sequences parv1a and parv1b came from the same individual, but one sequence is within the monophyletic outgroup clade and the other is not. It should also be noted that recombination is detectable among parviglumis Adh1 sequences (Table 2) , and recombination may affect phylogenetic resolution. Nonetheless, the wide distribution of parviglumis alleles on the Adh1 genealogy, coupled with the observation that parviglumis is genetically diverse, is consistent with a historically large population segregating old alleles.
Sequence diversity at the Adh1 locus is consistent with a cultivar-progenitor relationship between maize and parviglumis, for three reasons. First, maize contains less sequence diversity than parviglumis (Table 2) . However, the reduction in diversity is not severe: maize contains roughly 75% of the level of genetic diversity found in parviglumis at the Adh1 locus. Second, maize and parviglumis contain a relatively high number of shared polymorphisms (r ϭ 35, of a total of 49 segregating sites in maize), suggesting a recent divergence between taxa. Finally, the Adh1 genealogy suggests that maize sequences represent a subset of parviglumis sequences (Fig. 2) .
Patterns of sequence diversity in Z. luxurians differ considerably from those found in parviglumis. For example, Z. luxurians contains the least sequence variation at the Adh1 locus, with roughly 60% of the sequence variation found in maize (Table 2) . Furthermore, phylogenetic reconstruction of Adh1 sequences indicates that Z. luxurians sequences form a highly supported monophyletic clade that is distinct from parviglumis and maize sequences (Fig. 2) . Finally, Z. luxurians shares relatively few polymorphisms with either parviglumis (r ϭ 11) or maize (r ϭ 9).
Tests of Neutrality. If we are to make reliable demographic inferences about domestication bottlenecks from Adh1 data, it is important that genetic variation at the Adh1 locus is not affected by selection, either directly or indirectly (i.e., through linkage to selected loci). We used two methods to test for the direct action of selection. First, we compared the frequency distributions of nonsynonymous, synonymous, and intron polymorphisms segregating in maize and parviglumis. If the variation is neutral, the frequency distributions of mutations at the different types of site should be the same (25) . There is no evidence that the frequency distributions are different either between all three types of polymorphism (P ϭ 0.88), between silent and nonsilent polymorphisms (P ϭ 0.64), or between synonymous and intron polymorphisms (P ϭ 0.86). Thus, we cannot detect deviation from the null hypothesis of neutrality. Second, we performed MacDonald-Kreitman tests (15) . There is no evidence of a departure from neutrality between the variation at nonsynonymous, synonymous, and intron site substitutions ( 2 ϭ 1.84, df ϭ 2, P ϭ 0.40) or between any pair of categories (data not shown). Finally, we used Tajima's method (26) to test for indirect or direct effects of selection, and there was no evidence of a departure from the equilibrium neutral model whether all sites were considered or just silent sites ( Table 2 ). The statistical power of these tests for neutrality is probably low (19), but we do not detect any departures from neutral evolution.
Coalescent Simulations. Assumptions. In this section, we use simulations of the coalescent process to estimate B , the population parameter during a domestication bottleneck (Fig.  1 ). In these simulations we make the explicit assumption that maize experienced a bottleneck associated with domestication, and we also make the assumption, consistent with our tests of neutrality, that variation at the Adh1 locus is neutral. We further assume that a domestication bottleneck first occurred 7,500 generations in the past, which corresponds with the time of maize domestication (11) . For the two-population model the divergence time t is also assumed to be 7,500 generations.
If parviglumis is the progenitor to maize, then parv provides an estimate of A (Fig. 1) . We thus assume A ϭ 24.30 for simulations under both models (Table 2) . We cannot use maize as an estimate of P , because maize probably has not evolved according to the assumptions of the equilibrium neutral model. We thus explore a range of values for P in simulations.
The one-population model. Under the one-population model (Fig. 1) , we used S maize as a summary statistic to estimate B . The results of simulations are given in Fig. 3 . Four features of the simulations deserve comment. First, the results do not have strong dependence on P , even when P differs by two orders of magnitude. The lack of strong dependence on P reflects the fact that the domestication event is evolutionarily recent and further indicates that our results are not strongly dependent on accurate inference of the current of maize. Second, d and B are positively correlated and have a linear relationship over much of the parameter space. This relationship is intuitive: If a bottleneck is of long duration, then the bottleneck population size must be commensurately large to maintain genetic variation. Third, data from simulations are consistent with observed data from maize, as measured by Tajima's D. For the parameter values graphed in Fig. 3 , D maize fell within the central 95% of the distribution of D in every case. This suggests that the frequency distribution of polymorphisms from simulated data is similar to that from observed data, although it should be noted that we do not know the power of Tajima's D as a goodness-of-fit statistic.
Finally, and most importantly, estimates of B can be used to estimate the size of the population during a domestication bottleneck (Fig. 3) . To estimate the population size N, we assume that per site is equal to the average substitution rate of 6.5 ϫ 10 Ϫ9 substitutions per synonymous site per year at grass Adh loci (29) over 997 silent sites.
Estimates of N provide insight into the number of individuals that may have been involved in a domestication event. For example, if the domestication bottleneck was 10 generations in length, we estimate that the domestication of maize was based on 23 parviglumis individuals, with a lower bound estimate of Ϸ2.0 individuals. For a bottleneck of 500 generations, we estimate that domesticated maize is based on a population of roughly 1,157 individuals, with a minimum size of 100 individuals. A bottleneck duration of 7,500 generations, which represents a bottleneck from the original time of domestication to the present, corresponds to a population size of 16,588 individuals, with a 97.5% lower bound of 1,466 individuals. Two-population model. A similar but alternative way to estimate B is to use shared polymorphisms R, rather than segregating sites S, as a summary statistic. The use of R as a statistic has the advantage that it summarizes information about polymorphisms that arose before the split of the populations in question-that is, R is not affected by recent mutation events. Furthermore, R, unlike S, does not depend on singletons and thus is less sensitive to sequencing error. We simulated data under the two-population model (Fig. 1, model  2 ) by using the suite of parameter values that were employed in one-population simulations, and we compared R between simulated and real data to estimate B . Estimates of B from two-population simulations are quite similar to those from the one-population simulations (Fig. 3) . For example, a population bottleneck of 10 generations in duration is estimated to be 20 individuals (lower bound: 1.74 individuals). The estimate of the population size for a bottleneck of 7,500 generations duration is 13,887 individuals (lower bound: 1,350 individuals). Observed values of D fit the simulated distribution of D for all parameter values reported in Fig.  3 ; this is true whether D is calculated just within population 1 (which represents parviglumis), just within population 2 (which represents maize), or over both populations. Thus, as measured by D, our simulation results are consistent with the observed data.
DISCUSSION
It has long been known that maize is genetically diverse, and myriad measures attest to high genetic variation within maize (4-10). Superficially, these observations imply that maize has had a historically large population size. In contrast, the high degree of morphological divergence between maize and its wild relatives suggests that maize underwent selection for agronomic traits, which should have been accompanied by a strong domestication bottleneck. The purpose of this study is to address this apparent contradiction by gaining insight into the dynamics of domestication bottlenecks.
The Domestication Bottleneck of Maize.
Computer simulations demonstrate that the full complement of sequence diversity currently found in maize Adh1 can be explained by a founding population of a very few parviglumis individuals. For example, we estimate with the two-population model that a domestication bottleneck of 10 generations would have contained Ϸ20 individuals. A shorter population bottleneck suggests an even smaller founding population, i.e., a bottleneck of 5 generations contained Ϸ10 individuals. The important takehome message of this work is that sequence diversity in maize is consistent with a very small founder population of only a handful of individuals representing a very diverse progenitor. This finding is in agreement with that of Nei et al. (30) , who showed that substantial genetic variation can remain after a founder event of very few individuals when the rate of population growth is high.
Our simulations show that the size of the founder population depends on the duration of the domestication event, but little is known about the duration of maize domestication. Archeological evidence suggests that the domestication of eikhorn wheat required at most a few centuries (31) . If maize domestication proceeded at a similar rate (i.e., 300 years), then a bottleneck population size of 586 parviglumis individuals is sufficient to explain the sequence diversity found in maize Adh1.
Alternatively, we can estimate the maximum duration of a domestication bottleneck by assuming that its duration was bounded by the time of the original domestication of maize in southern or central Mexico and the time of the eventual distribution of maize to other regions. It has been estimated that the original domestication event occurred 7,500 years ago (11) , and archaeologists estimate that maize was introduced to other regions (the Tehuacan caves) as early as 4,700 years ago (32) . Based on this evidence, the maximum duration of the domestication bottleneck is 7,500 Ϫ 4,700 ϭ 2,800 years. [This estimate is probably an overestimate of the true duration of any bottleneck associated with the initial steps of maize domestication, for two reasons. First, the fossil record is sparse and thus it is difficult to detect the earliest geographic distribution of maize. Second, some scholars believe maize may have been domesticated more recently than 7,500 years before present (33) .] A domestication bottleneck of 2,800 years in duration corresponds to a population of roughly 5,600 individuals, based on the two-population model.
It is interesting to compare the population size during domestication to the population size of parviglumis. We estimate parv to be 24.30 (Table 2) . Under the equilibrium neutral model and assuming a neutral mutation rate for Adh1 (29) , this suggests a long-term population size of Ϸ940,000 individuals. If the domestication bottleneck consisted of 5,600 individuals, then the founder population of maize represented a mere 6.0% of the long-term population size of parviglumis. This percentage emphasizes that the germplasm of maize could be based on a population that was only a small fraction of that of its wild ancestor.
In short, we do not and cannot know the duration of the maize domestication bottleneck. However, our studies have shown that a few to a few hundred parviglumis individuals were sufficient to capture the amount of genetic diversity found in the Adh1 locus of maize.
Sequence Diversity in Wild Zea Taxa. These results are not entirely intuitive. How can such a potentially small founding population lead to such a diverse crop? The answer lies, in part, with the incredible sequence diversity of parviglumis. Sequence diversity at the Adh1 locus in parviglumis is higher than sequence diversity at the Adh locus of any plant sampled to date, including pearl millet (34) , Arabidopsis thaliana (35) , Arabis gemmifera (36) , and Z. luxurians, and is also more diverse than loci in several Drosophila sps. (16, 37) and humans (38) . Given this highly diverse progenitor, a short domestication event based on a handful of heterozygous individuals could result in a high level of sequence diversity. One must also consider that recombination and transposition have contributed to genetic diversity within maize after its domestication; here we are concerned with the variation contributing to domestication.
The high diversity of parviglumis does not appear to be a general feature of the genus Zea, however. Sequence diversity in Z. luxurians is lower than sequence diversity in either parviglumis or maize, and phylogenetic reconstruction suggests that Z. luxurians sequences share a most recent common ancestor in exclusion to either parviglumis or maize sequences. Based on the net sequence divergence between Z. luxurians and parviglumis sequences (39), we estimate that Z. luxurians and parviglumis separated roughly 1.02 million years ago, suggesting a substantial history of independence between Z. luxurians and parviglumis. This history of independence may not hold at all loci, however, because a previous study indicated that a Z. luxurians and a maize individual contained identical DNA sequences at the c1 locus (40) . The differences between Adh1 and c1 data may be due to selection at the c1 locus (40) but merit further study. In general, our observations are consistent with isozyme studies that have shown Z. luxurians to be the least diverse member of the genus Zea (4).
Examining Methods and Assumptions. Our inferences about the size of populations during a domestication bottleneck rely on coalescent models. Coalescent models are simple approximations of complex processes, and hence it is important to examine the assumptions of the models. First, the models assume neutrality and random mating. There is no strong evidence for deviation from the former with Adh1 data, but the initial stages of domestication may have violated the latter assumption to some unknown degree.
Second, the models assume instantaneous changes in population sizes. Nei et al. (41) has shown that the amount of genetic diversity retained in a founder population depends on the rate of growth of the population, and hence models with noninstantaneous shifts in population sizes might be more informative. However, our simulations show a lack of strong dependence on P , which suggests that instantaneous timechange assumptions are not of great consequence in this case.
Third, the coalescent models do not include recombination. The inclusion of recombination in our simulations would not affect our estimates of B , but recombination would reduce the 95% confidence limits on B . For this reason, our lower 95% confidence limits on B are probably underestimates (Fig. 2) . The upper bound on B would decrease with recombination. Without recombination, the upper bound on B is undefined (data not shown), so we cannot currently reject hypotheses that posit a very large founding population size.
Fourth, the models implicitly assume that ancestral and bottlenecked populations did not exchange genetic resources; in other words, the models assume that there was no introgression between parviglumis and the incipient maize crop. This is not an accurate assumption, because some crosshybridization between the new domesticate and its wild ancestor must have occurred. However, that maize could be based on very few parviglumis individuals suggests that introgression need not have been frequent to explain the origin of maize. This observation provides an alternative to arguments that reciprocal introgression between maize and its wild ancestors has been important (42) .
Fifth, we assume that parv accurately reflects A , the population parameter of the ancestral population. This assumption is subject to the criticism that maize may have resulted from a hybridization event, in which case parviglumis may not be the ancestor to maize. Historically, these hybridization theories have had strong proponents (43, 44) , but most of these theories have been discounted by molecular data (45) . One remaining notion is that T. dactyloides hybridized with a perennial Zea sp. to produce modern maize (46) . Under this hypothesis, maize sequences should cluster phylogenetically with T. dactyloides sequences. Such clustering is not evident in our data (Fig. 2) , and thus we find no evidence for T. dactyloides hybridization with Zea at the Adh1 locus. Our data do not permit a general and explicit test of the hypothesis that parviglumis is the progenitor to maize, but the data are consistent with this hypothesis.
Finally, it must be cautioned that our results are based only on sequence diversity at the Adh1 locus. Population bottlenecks should affect all loci within a genome, and inferences about domestication bottlenecks ideally should be based on multiple loci. We can report, however, that data from the glb1 locus provides similar estimates of genetic diversity in maize, Z. luxurians, and parviglumis, and these data also yield similar inferences about the size of a domestication bottleneck (H.H. and B.S.G., unpublished data).
Significance. We have assessed sequence diversity between a crop and its wild ancestors at a presumably neutral locus, and we have used sequence information to explore the potential size and duration of a domestication bottleneck. These explorations reveal that maize, despite its high genetic diversity, could have been founded on a very small population of a very diverse progenitor. These results have import for understanding the domestication of maize. Recent quantitative genetic studies have shown that the morphological differences between maize and its wild relatives may be attributable to as few as five loci (47) . It is possible that the domestication of maize was based on crossing the individuals that contained the appropriate alleles at these five loci to a small, additional number of wild individuals, with continued selection for morphological traits. Although our study cannot reject more complex scenarios involving hybridization, introgression, and large population sizes, this simple scenario is sufficient to explain both the morphological divergence of maize and the extent of sequence diversity within maize.
